Introduction
============

The maxillary sinus (MS), one of the paranasal sinuses first identified by ancient Egyptians, has been well studied, especially its structure, vascular anatomy, and relationship with the teeth \[[@B1]\]. Since the introduction of cone-beam computed tomography (CBCT) into clinical practice, sinus floor augmentation (SFA) has become more popular. This approach requires the knowledge of the surrounding structures that might be seen in the CBCT images. However, most of these structures which have been shown in computed tomography (CT) images are hard to understand due to its complicated morphology. Therefore, the aim of the current paper is to review the clinical anatomy of the MS for a better understanding of SFA procedures with several cadaveric images which could help understand the structures three dimensionally.

Anatomy
=======

Embryology
----------

The MS begins to form during the 10th week of development. The mucosa located at the deeper anterior end of the ethmoid infundibulum presents invaginations toward the surrounding mesenchyme \[[@B2]\]. These invaginations fuse during the 11th week of development, giving rise to a single cavity representing the primordium of the MS \[[@B2]\]. The primordial shape of the sinus is characterized as an oval cavity with smooth walls \[[@B2]\]. Rapid growth of the MS has been observed during two periods of development: from the 17th to the 20th week and from the 25th to the 28th week.

Ossification of the sinus begins during the 16th week of development, beginning in the lateral wall of the sinus and spreading to the anterior wall by the 20th week, and to the posterior wall by the 21st week. The medial wall shows signs of ossification by the 37th week of development \[[@B2]\].

The floor of the sinus is related to the roots of the first premolar teeth at age 4 years and the second molar teeth at age five years, and may extend to the third molar teeth and/or to the first premolar teeth, and sometimes to the canine teeth \[[@B3][@B4]\].

Structure
---------

The MS is pyramidal in shape and is the largest of the paranasal sinuses \[[@B3]\]. The anterior wall of the MS is formed by the facial surface of the maxilla and is internally grooved by the canalis sinuosus (which houses the anterior superior alveolar nerve and vessels) \[[@B3]\]. The anterior wall as three major landmarks: (1) the thin canine fossa; (2) the infraorbital foramen located in the midsuperior region; and (3) the infraorbital groove \[[@B3][@B5][@B6]\].

The posterior wall is formed by the infratemporal surface of the maxilla \[[@B3]\]. It forms the anterior border of the pterygopalatine fossa \[[@B5]\].

The superior wall is formed by the fragile, triangular orbit floor, with the infraorbital groove running through it \[[@B3][@B6]\]. The roof of the sinus thickens toward the orbital margin, with a mean thickness of 0.4 mm medial to the infraorbital canal and 0.5 mm thick lateral to it \[[@B4]\].

The medial wall of the MS separates the sinus from the nasal cavity \[[@B6]\]. It is smooth on the sinus side and carries the inferior nasal conchae on the nasal side \[[@B3][@B6]\]. The medial wall is rectangular in shape and is slightly deficient at the maxillary hiatus \[[@B3]\]. This opening is partially closed in an articulated skull by sections of the inferior turbinate, the uncinate process of the ethmoid bone, the perpendicular plate of the palatine bone, the lacrimal bone, and the overlying mucosa to form the ostium ([Fig. 1](#F1){ref-type="fig"}) as well as anterior and posterior fontanelles \[[@B3][@B5]\]. The ostium opens into the inferior part of the ethmoidal infundibulum, passing through the semilunar hiatus, then finally into the middle nasal meatus \[[@B3]\]. The ostium is elliptical-shaped throughout prenatal development and located in the anterior third of the ethmoidal infundibulum \[[@B2]\]. In adults, however, the ostium is located between the middle and posterior thirds of the ethmoidal infundibulum and tends to be positioned closer to the roof of the sinus than the floor \[[@B2][@B3]\]. In some cases, the ostium is divided into two sections via a mucosal membrane \[[@B4]\].

The lateral apex of the MS extends into the zygomatic process of the maxilla and can reach the zygomatic bone therefore forming the zygomatic recess ([Fig. 2](#F2){ref-type="fig"}) \[[@B3]\].

The floor of the sinus is formed by the alveolar and palatine processes of the maxilla and lies below the nasal cavity \[[@B3][@B5]\], which is usually located from the mesial part of the first premolar to the distal part of the third molar with the lowest at the first and second molar ([Fig. 3](#F3){ref-type="fig"}). The floor of the sinus is separated from molar dentition by a thin layer of compact bone \[[@B5]\]. The maxillary posterior teeth root tips are in close relation to the floor of the sinus, with the root tips of the molar being closer to the floor of the sinus than the premolars \[[@B7]\]. CT studies have revealed the mean distance between the maxillary posterior teeth and the sinus floor to be 1.97 mm \[[@B7]\]. CT studies have also shown that the roots of the first and second molars have been shown to have a significantly close relationship with the sinus floor in 40% of cases, and perforate the sinus floor in 2.2% and 2.0% of cases, respectively \[[@B4][@B8]\]. The palatal root of the first premolar tends to have the longest distance from the sinus floor whereas the second molar buccodistal root tip has the shortest distance to the MS floor \[[@B7][@B8][@B9]\].

Many CT studies have been conducted on the prevalence of septa within the MS, with results varying from 16% to 58% \[[@B10][@B11][@B12]\]. Complete partition of the MS is rare with reports of prevalence between 1.0% to 2.5% of cases \[[@B3][@B4]\]. Two different types of septa have been identified. Primary septa are congenital, arising from maxillary development, and are above the teeth \[[@B13]\]. Secondary septa are acquired, arising from irregular pneumatization of the sinus floor after tooth loss \[[@B11]\]. Both primary and secondary septa can be found above an edentulous ridge \[[@B13]\]. The location of septa can vary. Prevalence of septa found in the anterior region (above the premolar teeth) ranges from 17.5% to 70% \[[@B11][@B14]\]. Prevalence of septa found in the middle region (above the first and second molar teeth) range from 41% to 65% \[[@B13][@B15][@B16]\]. Prevalence of septa found in the posterior region (distal aspect of the second molar tooth) is found to be 22.5% to 22.7% \[[@B13][@B14]\]. The height of septa ranges from 2.5 mm to 6.0 mm \[[@B9]\]. Cone beam CT studies have also revealed that septa in edentulous cases is more prevalent (27.7%) than in dentate cases (14.0% to 19.3%) \[[@B11][@B13]\]. Clinical and anatomical studies have shown that the height of septa is greater in dentate cases than in edentulous cases. The average septa height in dentate cases has been reported at 12.2 mm whereas edentulous cases (total and partial edentulous) has a mean septa height of 8.06 mm \[[@B11]\].

The inner lining of the MS lacks periosteum and is therefore covered solely in mucus-producing ciliated pseudostratified columnar epithelium, with a higher density of cilia closer to the ostium \[[@B3][@B9][@B17]\]. Because the ostium tends to be located more superiorly along the medial wall of the sinus, mucous drainage relies heavily on the mucociliary escalator, with the cilia of the sinus beating towards the ostium \[[@B3]\].

Blood supply
------------

Vascular supply to the MS is derived primarily from branches of the maxillary artery: the posterior superior alveolar artery, the infraorbital artery, and the posterior lateral nasal artery \[[@B3][@B18][@B19]\]. The posterior superior alveolar artery (PSAA) can course along the medial wall of the sinus \[[@B19]\]. The infraorbital artery passes along the infraorbital groove and canal, under the orbit, and finally through the infraorbital foramen on the facial surface of the maxilla \[[@B19]\]. The PSAA ([Fig. 4](#F4){ref-type="fig"}) and the infraorbital artery anastomose along the anterolateral wall of the sinus, supplying the mucous membrane of the nasal chambers \[[@B3][@B18]\]. An extraosseous anastomosis often exists between these two arteries \[[@B3]\]. The posterior lateral nasal artery branches from the sphenopalatine artery and passes through the sphenopalatine foramen to enter the nasal cavity and can be found within the medial wall of the sinus \[[@B19]\]. As it continues anteriorly, the posterior lateral nasal artery begins to branch, supplying blood to the posterior and medial wall of the sinus \[[@B19]\].

Innervation
-----------

The MS receives general sensation innervation from the infraorbital and anterior, middle, and posterior superior alveolar branches of the maxillary nerve (V2) \[[@B3]\]. Most sensory innervation is provided by the posterior superior alveolar branch \[[@B5]\], which usually has two to three branches ([Fig. 5](#F5){ref-type="fig"}). The anterior superior alveolar branch innervates the anterior portion of the MS, whereas the middle superior alveolar branch contributes secondary mucosal innervation. The ostium of the maxilla is innervated by the greater palatine nerve while the infundibulum is innervated by the anterior ethmoidal branch of the ophthalmic nerve (V1). Parasympathetic secretomotor fibers originate from the nervus intermedius of the facial nerve, synapsing in the pterygopalatine ganglion and proceeding to the sinus mucosa via the trigeminal sensory branches \[[@B5]\].

Age change
----------

At birth, the MS measures \<7.0 mm in anteroposterior depth, \<4.0 mm in height, and \<2.7 mm in width \[[@B5]\]. The height of sinus development depends on several factors: pressure from the eyeball against the orbit wall, the traction on the inferior portion of the maxilla by the facial muscles, and the eruption of permanent detention \[[@B4][@B6]\].

The MS grows most rapidly between ages 1 and 8 years, growing laterally past the infraorbital canal and inferiorly to the middle aspect of the inferior meatus \[[@B5]\]. At age three years, the downward pull of the facial muscles continues to pull on the maxillary bones \[[@B6]\]. The roof of the sinus presents a more inferolateral position in childhood, before assuming its more horizontal position in adulthood due to progressing pneumatization \[[@B5]\]. The floor of the sinus lies somewhat lower than the insertion of the inferior nasal conchae at the end of the second year of life \[[@B4]\]. The floor lies at about the height of the inferior nasal conchae at age seven years, and at the level of the floor of the nasal cavity at age 9 years. In some cases, the floor of the sinus can continue further into the hard palate in the medial direction, creating the palatine recess \[[@B4]\].

Primary dentition does not have an influence on the growth of the MS due to dental follicles of primary dentition being separated from the floor of the sinus via a thick layer of bone, ranging from 1.5 to 2.0 mm in thickness \[[@B4]\]. From ages 6 to 11 years, almost all tooth buds that are lateral to the incisors lie in immediate relation to the mucosa of the MS \[[@B4]\]. The MS reaches its adult size between 18 and 21 years of age with the eruption of the third molars \[[@B8]\]. The adult MS has a range of 5.0 to 22 ml with a mean volume of 12.5 ml and the mean length, width and height is 27.96 mm, 19.57 mm, and 25.33 mm, respectively \[[@B20][@B21]\]. There is a negative correlation between age and distance to the meatus, mediolateral dimensions, and sinus volume, indicating a collapse of the maxillary bone over one\'s lifetime. Total MS volume is significantly smaller in completely or partially edentulous cases than in dentate cases \[[@B22]\].

Imaging
=======

CBCT and conventional X-ray
---------------------------

The technique of the two-dimensional panoramic imaging was introduced in the first half of the 20th century, but the first device applying this technology was described in 1959 \[[@B23][@B24]\]. It is especially useful in the initial diagnostic phase of the MSs to its pathologic conditions. However, it is well known that the images of the panoramic radiography (PA) are 1.25 times magnified on average. For the precise preoperative diagnosis when planning a lateral and internal sinus floor augmentation, precise assessment is mandatory \[[@B25][@B26]\]. According to Malina-Altzinger et al. \[[@B24]\], there is a moderate risk for misdiagnosis of the MS if only the PA rather than CBCT is used, and resulted in different detection rate of the maxillary bone cysts penetrating into the sinus. Maestre-Ferrin et al. \[[@B14][@B27]\] showed the PA led to false-positive and false-negative findings in the visualization of septa of the MS, and Krennmair et al. \[[@B11]\] observed the same inaccuracy of the PA in detecting the antral sinus septa in 13 out of 61 cases. Malina-Altzinger et al. \[[@B24]\] examined 54 MSs using CBCT, and the most frequent radiographic findings were basal septa (54 %), followed by basal opacities (43%), foreign bodies (15%). However, the result showed that there were no significant differences between PA and CBCT imaging methods for the detection of a complete opacity, a basal opacity, a foreign body, an oro-antral communication, a basal septum, a polypoid mucosal thickening, a fluid level, and a status post-SFA ([Fig. 6](#F6){ref-type="fig"}). According to Toraman Alkurt et al. \[[@B28]\], the detection rate of the MS septa was 23.1% (24/104) on PA and 29.8% (31/104) on CBCT. Interestingly, of these, the MS septa on dentate posterior maxillary segment was detected in 10.6% (11/104) on PA, 19.2% (20/104) on CBCT.

CBCT studies showed that PSAA was detected in 61 to 87% of the patients; it was located underneath the mucosa in 22% to 47% (type I), intraosseus in 47% to 73% (type II) and external cortex (superficial) in 5% to 6% (type III), and the mean diameter of the PSAA was 0.63 mm to 1.37 mm \[[@B29][@B30][@B31][@B32]\]. According to Khojastehpour et al. \[[@B33]\], the rate of the detection rate of the PSAA in patients with an alveolar ridge height of \<10 mm was significantly greater than the rate of detection in patients with an alveolar ridge height of \>10 mm.

The artery was detected at a mean distance of 18 to 18.9 mm from the alveolar ridge in the edentulous region \[[@B10][@B34]\]. According to Khojastehpour et al. \[[@B33]\], a mean distance from the alveolar ridge to the PSAA was 14.91 mm in females and 17.53 mm in males with a significant difference. While, Ilguy et al. \[[@B35]\] described that the mean distance between the artery and the alveolar ridge was 16.79 mm in females and 17.00 mm in males and there was no significant difference. In anatomical studies, this distance has been reported to be 18.9--19.6 mm \[[@B36][@B37]\]. Water\'s X-ray is used for initial diagnosis for the MS lesion \[[@B38]\].

Magnetic resonance imaging
--------------------------

The main reason magnetic resonance imaging (MRI) used for the MS examination is to develop the treatment strategy and evaluate the tumor pre- and post-operatively \[[@B39][@B40]\]. Many of them have done with CT analyses \[[@B41][@B42][@B43]\]. Only several researches were found on the PubMed in which the MRI was applied for SFA. Gray et al. \[[@B44]\] first described the use of MRI for the SFA in 1999 and concluded that images were good enough and should be considered as an alternative to the CT which exposes the patients to high dose of radiation. Gray et al. \[[@B45][@B46]\] also investigated estimates of the bone graft volumes required for a desired vertical bone height preoperatively using MRI. Senel et al. \[[@B47]\] used the MRI to evaluate the vertical bone height after the SFA procedure. Thus, MRI has been applied for SFA in order to estimate or confirm the changes of the vertical bony height and avoid exposure for radiation. However, as shown in the small number of previous researches, the use of MRI has not achieved popularity for the SFA.

Endoscopy
---------

The endoscopy has been mainly applied to transnasal removal of the dental implant \[[@B48][@B49][@B50]\], management of the perforating sinus membrane during the SFA \[[@B51]\]. Although some surgeons take advantage of endoscopy for experimental purposes \[[@B52]\], it has not been used extensively for dental implantology. According to Kunihiro et al. \[[@B53]\], the most important factor of the postoperative maxillary sinusitis after SFA is function of the natural ostium of the MS, and they proposed preoperative middle meatal antrostomy for the patient who will undergo SFA procedure when the patients do not have enough size of the ostium.

Conclusion
==========

The anatomy of the MS is well understood due to many previous studies. However, the newly established surgical procedures and imaging devices require exact knowledge of the structures. Revisiting the classic anatomy and reviewing the newly published literature of the MS could help dentists perform safer surgery of the SFA.

![Ostium on the left maxillary sinus (arrows). (A) Cadaveric dissection (anterolateral view). (B) Computed tomography (coronal image). N, nasal cavity; O, orbit.](acb-52-17-g001){#F1}

![The maxillary sinus extending into the zygomatic process (arrows). (A) Dry skull (inferolateral view). (B) Computed tomography (axial image).](acb-52-17-g002){#F2}

![Relationship between teeth and maxillary sinus (right side). Note the root of the first premolar (arrow) is located most medially.](acb-52-17-g003){#F3}

![Course of the right posterior superior alveolar artery. Note the two branches of posterior superior alveolar artery enter the posterior wall of the maxillary sinus (arrows). LN, lingual nerve; LPM, lateral pterygoid muscle; MA, maxillary artery; MS, maxillary sinus; PSAA, posterior superior alveolar artery; ZP, zygomatic process.](acb-52-17-g004){#F4}

![Course of the left posterior superior a lveolar branch of the maxil lar y ner ve. Note the three branches enter the posterior wall of the maxillary sinus (arrows). (A) Lateral view of the posterior superior alveolar branch of the maxillary nerve (PSAb) in the cadaveric dissection (left side). (B) Computed tomography (sagittal image). A, anterior; P, posterior; PSAA, posterior superior alveolar artery; ZP, zygomatic process.](acb-52-17-g005){#F5}

![Septum inside the right maxillary sinus (arrows). (A) Panoramic radiography. (B) Computed tomography (axial image).](acb-52-17-g006){#F6}
